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Abstract


The aim of this study is to develop a methodology for static strength and failure mode simulation of hot-driven riveted joints. The purpose is to be able to accurately estimate a rivet joint’s static strength behaviour and its failure mode without relying on experiments, to save both time and resources during the design of joints. The non-linear finite element analysis modelling framework considered the rivet joint configurations and geometry, the material properties of the plate and rivet as well as the clamping force of the hot-driven rivet. A ductile damage model was also implemented to capture the stress softening of the materials and the failure modes of the joints. Using experimental data from literature, the modelling framework is validated, and it is shown that it is able to capture the strength behaviour and failure modes of different configurations of rivet joints markedly well. The effect of the rivet pre-load on the mechanical response of the joint is also studied and it is shown that the strength of the joint increased with the increase in rivet pre-load. The modelling framework is then applied to an industrial component. The modelling framework is used to compare welding and riveting as joining methods in a component built in two grades of high-strength steel. It is found that the welded joint possessed greater strength compared to the proposed riveted joint. However, using the proposed simulation methodology developed, a riveted joint with matching strength to the welded joint could be designed.
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1. Introduction


The ultimate strength of a component is a crucial aspect to consider during the design process, and especially the ability to estimate the strengths of joints in order to ensure the integrity of the structure. One of the most common joining methods used in steel structures today is welding, however bolt joints and rivet joints are still employed throughout the industry. Different joining methods provide different advantages and disadvantages for the structural joint, and it is therefore important to be able to motivate the choice of joining method in a structure based on its structural integrity, weight, and cost effectiveness. Strength estimations have traditionally been performed through hand calculations and experimental studies in which the hand calculations often do not capture the true behaviour of the joints and experiments are expensive and time consuming. With the development of Finite Element Analysis (FEA), new opportunities to make accurate predictions are possible while reducing the number of experiments needed [1]. FEA is used for all types of joints to make more accurate predictions. Khurshid et al. [2] employed FEA modelling on welded butt joints in high strength steel (HSS) to determine the strength dependency on filler material and weld penetration and Nassiraei et al. [3] used FEA to determine the strength increase of x-joints through collar plate reinforcement.



For riveted joints, Finite Element (FE) simulation can be utilised both in studying the manufacturing process of the riveted joint and defining its static and fatigue strength. Baha II et al. [4] examined how the parameters in the installation process of solid rivets affect the joints’ mechanical properties using FEA. Experiments on rivet installations were used to validate the model and it showed good agreement with both the formed shape of the rivet head and force displacement curves. A parametric study was also performed to examine the installation parameters effect on the residual contact force and the residual stress in the solid rivet joint. It was shown that an increased grip length of rivets decreased residual radial stress, and increased rivet clearance fit decreased residual radial stress. A similar study was performed by Chen et al. [5] where the installation process of two different types of rivets were simulated using an FEA model and compared with experimental testing results. The FEA model was validated by showing similar results of the final shape of the rivet after forming, similar force-displacement behaviours and similar distributions of strain hardening compared to the experiments. The installation parameters could also affect the joint fatigue strength, something shown by [6,7]. Zhao et al. [8] studied the shear capacity of blind-rivet connections made in steel through FE analysis. Using data from a parametric experimental study of blind-rivet connections, a validated FEA model was developed and used to extend the parametric study mainly to investigate the spacing between rivets and the number of rivets in the joint. They concluded that the strength of the joint improved both with increased number of rivets and increased space between rivets. Theoretical models can also be used to predict the shear behaviour of riveted joints [9,10,11]. Simpler models for modelling bolted joints using FEA has been developed by Belardi, showing good accuracy [12]. Sire et al. [13] studied the impact of the clamping force of the strength of a hot-driven rivet. This was performed through shear tests on joints consisting of hot-driven rivets, which imposed a clamping force on the joint, and joints joined by a pin which imposed no clamping force. The experimental results showed that the clamping force increased joint strength by ca. 10%. Al-Bahkali [14] studied the effect of thermal stresses from hot-driven solid-rivet joints through FEA. The study showed that the clamping forces introduced from the rivet increased the strength of the joint. Leonetti et al. [15] also examined the clamping force from hot-driven rivets. The study was to look at the clamping force of rivets found in old steel bridges. It was found that the average clamping force was 100 MPa, however there was a large scatter in the results. Stevens et al. [16] studied the correlation between surface hardness and shear strength of hot-driven solid rivets in order to evaluate the strength of a riveted structure by measuring surface hardness only. A relationship between hardness and shear strength was proposed as 4.8 MPa/HRB. In field tests, a large spread of hardness of rivets was identified and it was therefore deemed inappropriate to extrapolate that hardness and strength to all the rivets in the structure. The method could, however, be used on more local joints to provide strength predictions. Lepretre et al. [17] studied the process of hot driving rivets in old steel structures using experiments and numerical methods. By measuring strains and temperatures during the manufacturing of hot-driven rivet joints, the residual stress in the joint could be evaluated. Using these experimental results, a FEA model was developed and verified. The FEA model showed a pre-stress of 90 MPa between the plates and it was concluded that the pre-stress distribution around the rivet holes could be useful for predicting where cracks would emerge in fatigue loading. The fatigue life of rivet joints in ageing steel bridges has been studied by [18,19]. Xu and Wang [20] proposed a multi-purpose optimisation for magnesium/aluminium alloy solid rivets. The optimisation considered the material, the structure, the manufacturing process, and the performance. Experiments were performed to establish the material properties and the strengths of the riveted joints. FEA models were developed for the manufacturing process of joints and strength tests on joints, and these models were verified by the experimental data. The FEA models were then used for the optimisation with optimisation goals of, e.g., maximising joint shear strength. By optimising the design variables such as material properties and joint dimensions, the shear strength of the joint could be increased by 13 %. Silva et al. [21] studied multiple-site damage in riveted lap joints and could show that fatigue cracks often initiated at the rivet holes where they could not be seen without non-destructive testing methods. It was also shown that fatigue cracks drastically reduced the joint residual static strength. Amiri [22] studied the use of equivalent initial flaw size (EIFS) using two methods of measuring the stress, the coefficient of cyclic intensity and the cyclic integral. Conclusions were that when using the coefficient of cyclic intensity, the EIFS value was dependent on the loading compared to using the cyclic integral which reduced the dependency on the loading state. Models for prediction of fatigue life in riveted joints have also been made in [23,24]. Fuiorea et al. [25] studied the influence of rivet parameters on the fatigue strength of riveted joints in aircraft structures. The parameters examined included rivet installation force, rivet size, plate thickness, rivet type, and the number of rows of rivets. Conclusions from the study were that increased rivet diameters increased fatigue life and that countersunk rivets outperformed round head in fatigue strength.



Baghous and Barsoum [26] developed ductile failure criteria based on the stress triaxiality and the Lode parameter for multiple steel grades. The failure criteria developed were extensions of current ASME failure criteria, and it was concluded that the newly developed criteria could assess ductile failure to a higher level of accuracy compared to current ASME standards. This was shown by applying the failure criterion assessment methodology developed, and the current ASME failure criteria, on an industrial structure and comparing the predicted results. In this study, the objective was to develop a methodology for FEA simulation of the static strength of hot-driven riveted joints, including damage modelling. The modelling framework will examine the parameters in the modelling of the rivet joint that conduct the joint strength behaviour as well as including a damage model for the different failure modes of the rivet joint. The modelling framework is validated by experimental data found in literature where rivet joints, built from aged steel parts, were tested in lap shear tests [27]. The validated modelling framework is then applied to an industrial component where an optimised riveted joint is developed that matches the strength of the current welded joint. Strength analyses on welded joints in similar components have been performed in [2,28,29,30]. A similar strength model has also been developed for hot-driven rivets in [31] and for self-piercing rivets in [32,33,34] and for spotwelds in [35]. Unlike these studies, this paper will focus on the assessment of solid riveted joints applied on an industrial component in order to investigate new design solutions without relying on experimental testing, therefore saving time and resources.




2. Experiments on Riveted Joints


D’Aniello et al. [27] performed extensive testing on different configurations of hot-driven solid rivet joints. In their study, various riveted joint configurations and arrangements were manufactured and tested. The parameters examined in their study included load eccentricity, dimensions of plates and rivets, number of rivets, and the length of the rivet joint.



2.1. Rivet Joint Configuration


The configurations of the rivet joints were dependent on the parameters to be studied, i.e., load eccentricity, dimensions of plates and rivets, number of rivets, and the length of the rivet joint. A joint consisting of two plates would give unsymmetric loading leading to a secondary bending moment in the joint, while a joint consisting of three plates would give a symmetric load, as shown in Figure 1a,b, respectively. The rivet joints configuration consist of plate width w, plate thickness t, rivet shank diameter d, rivet shank length (dependent on plate thickness and number of plates in joint), rivet distance from the plate edge r and the rivets pitch p, all of which can be observed in Figure 1a. A total of 22 configurations of rivet joints were examined in the study by D’Aniello et al. [27] and nine of these were chosen to be modelled in this paper. They were chosen as they cover all the dimensional parameters and capture all the governing failure modes observed. The specifications of the selected joints can be seen in Table 1 and in Figure 1. The configurations are named based on their characteristic features such as c-d-t-n, where c is the plate configuration (i.e., symmetric or unsymmetric), d is the rivet shank diameter, t is the plate thickness, and n is the number of rivets in joint.




2.2. Experimental Results


The experimental results from testing of riveted joints by D’Aniello et al. [27] are utilised in this study in order to verify the FEA modelling framework. The manufactured rivet joints in [27] were tested through lap shear tests. Using displacement-controlled loading, the mechanical response was recorded until joint failure. In view of Figure 2, the results from the lap shear tests in [27] are provided as force versus displacement (δ), the maximum ultimate force Fu, the displacement corresponding to the ultimate force δu, and the conventional elastic force Fe. The conventional elastic force Fe is determined by a bi-linear response up to the ultimate force Fu, with the bi-linear response having the same area under the graph as the actual force-displacement curve with the same initial stiffness and ultimate force. The displacement corresponding to the elastic force is denoted δe, and the force and displacement equal to 80% of the ultimate force after the peak load are denoted Fmax and δmax, respectively. These quantities are depicted schematically in Figure 2. These quantities were presented for all the rivet joint cases in [27] and five full force-displacement curves (SN-1, SN-2, SN-3, SN-8, and SN-9 in Table 1) were extracted and digitalised for the purpose of validating the FEA modelling framework. Three different failure modes were observed in [27]: (i) rivet shear failure, (ii) bearing at the rivet hole of the plate, and (iii) failure in the net section of the plate.




2.3. Plate and Rivet Material


As the plates and rivets were manufactured in the 1950s, the steel grades for the rivet and plate material were not initially known in [27]. Therefore, both the plate and the rivet material was tested in [27] to determine their tensile stress–strain behaviour until failure. Tensile tests were conducted on four plate specimens and the corresponding extracted stress–strain curves, up to the maximum stress where necking is initiated, are shown in Figure 3a. Similarly, tensile tests on nine different rivet specimens were conducted, and the corresponding extracted stress–strain curves, up to the maximum stress, are shown in Figure 3b. The materials damage behaviour was also considered and will be presented under Section 3.1. The stress–strain curves in Figure 3 are fitted to an isotropic elasto-plasticity model given by


  σ =  {      E ε     ε <  ε 0         σ 0       ε 0  < ε <  ε s  +  ε N         σ 0     (    ε −  ε s     ε N     )   N      ε >  ε s  +  ε N         



(1)




where    σ 0    is the initial yield strength,    ε 0    the initial yield strain,    ε N    a normalizing strain,    ε s    an offset strain, and  N  is the hardening exponent [26]. In the strain region    ε 0  < ε <  ε s  +  ε N  ,   the stress is constant at    σ 0   , pertaining to a Lüder Plateau as evident in some tensile tests on the rivet material in Figure 3b. For no exhibition of a Lüder Plateau, the offset strain    ε s    is set to zero and the normalising strain    ε N    is equal to the initial yield strain    ε 0   . The parameters in Equation (1) are provided for both the plate and rivet material in Table 2. Results in Table 2 show that the plate material has an average yield (   σ 0   ) and ultimate tensile strength (   σ  u t    ) of 300 MPa and 514 MPa, respectively, and with a standard deviation of ±4 MPa and ±6 MPa, respectively, indicating little variation in strength properties. Based on the experimental results, the plate material was identified as a modern S 275 steel in [27]. Contrarily, the rivet material shows a significant spread in strength properties, with average yield and ultimate strength of 325 MPa and 480 MPa, respectively, and with a standard deviation of ±23 MPa and ±21 MPa, respectively. This is mainly attributed to the lack of control in manufacturing when the rivets were produced [27]. No modern equivalent for the rivet material could be identified in [27].





3. Finite Element Modelling


In order to model the rivet joint experiments in Table 1, a three dimensional non-linear FEA model with quasi-static loading was built in Abaqus/Explicit [36] for all cases in Table 1. In Figure 4, the FEA model is shown pertaining to Case SN-2 in Table 1. The rivets and plates are meshed with linear hexahedron and tetrahedral elements (e.g., C3D8R). The global element size in both rivets and plates is set to 2 mm, however, refinements in the mesh down to the size 0.3 mm is used in critical regions, as shown in Figure 4. The number of elements in the models ranged from 90,000 to 350,000. Contact interaction is defined between the plates and between the plate and the rivets, with a friction coefficient   µ = 0.2   [37]. The rivet diameter was set equal to the rivet hole diameter, resulting in zero clearance. This is attributed to the hot driving installation process of the rivets [13]. The boundary conditions of the riveted joint, as shown in Figure 4, consist of a fixed displacement at left end, a prescribed displacement at the right end while a symmetry condition in the y-direction was used in the symmetry plane shown in Figure 4.



3.1. Material Model


The material model used, for both the plate and rivet material, is the isotropic elasto-plastic model given in Equation (1). Damage in the materials were also modelled, and the damage behaviour was represented by a ductile damage model. A ductile damage criterion, based on accumulated plastic strain, is used by [2,26], in which it is assumed that the onset of ductile failure, i.e., damage initiation, occurs when the accumulated effective plastic strain in a material point in the model reaches a critical value    ε 0  p l    , which corresponds to the strain attained at the ultimate strength (   σ  u t    ) and is obtained from tensile tests. The critical strain    ε 0  p l     at onset of ductile failure is listed in Table 2 for both the plate and rivet material. A schematic representation of the material damage in relation the stress–strain curve of the material is shown in Figure 5a.



After initiation of damage [38], the ductile damage evolution is modelled through a scalar damage approach in which the experimental true stress–strain softening response (  σ ¯  ) of the material is related to the undamaged theoretical response ( σ ) through


   σ ¯  =  (  1 −  d  m a t    )  σ  



(2)




where  σ  is given by Equation (1),   σ ¯   is the stress softening response, and    d  m a t     is the damage parameter ranging between zero at onset of damage and one at complete loss of stiffness at equivalent plastic strain at failure    ε f  p l    , [39], i.e., at complete failure, as depicted in Figure 5a. Stiffness softening due to material damage is modelled through


   E ′  =  (  1 −  d  m a t    )  E  



(3)




where  E  is the initial Young’s modulus and    E ′    is the degraded Young’s modulus after damage initiation. The softening in the post damage initiation stage and the evolution of the scalar damage parameter    d  m a t     is characterised by a stress-displacement response [40], and requires the introduction of characteristic length    l e    associated with a material point which is computed automatically in the FEA model based on element geometry and size. The evolution of the damage parameter    d  m a t     as function of plastic equivalent displacement    u  p l     measured over the gauge length    l g    (i.e.,    u  p l     =    ε  p l      l g  )   as shown in Figure 5b, is determined from the stress–strain values in the softening branch in Figure 5a. Hence, the plastic displacement at failure    u f  p l     can be determine at    d  m a t     = 1. Complete loss of load-carrying capacity in an element is achieved when the effective plastic displacement in the element, i.e.,    u  p l     =    ε  p l      l e   , reaches the    u f  p l     where    l e    is the characteristic length of the finite element [41]. The values for the plastic displacement at failure    u f  p l     ranged between 0.05 to 2.1 mm.




3.2. Contact Interaction and Boundary Conditions


Contact interaction is defined between the plates and between the plates and the rivets using self contact in Abaqus, allowing Abaqus to define the relevant contact pairs. A friction coefficient of   µ = 0.2   was used for all contacts. The boundary conditions of the riveted joint, shown in Figure 4, consist of a fixed displacement boundary condition on the left end, and a prescribed displacement δ in the x-direction applied through a reference point which is kinematically coupled to the right end of the model. Symmetry condition in the y-direction was used in the symmetry xz-plane shown in Figure 4.




3.3. Pre-Load in Rivets


The pre-load in the rivets was modelled through a pressure    σ  F E A     applied on the rivet head, as shown in Figure 4, resulting in a stress distribution through the rivet shank and hence a clamping force on the plates. The axial stress distribution    σ z    through the rivet shank along the normalised axis ξ, as defined in Figure 4, is determined after the application of the pressure    σ  F E A    , and the corresponding FEA results are shown in Figure 6a. As can be seen, the stress distribution is rather uniform throughout the shank length and the approach used here to model the pre-load in the rivets is adequate.



The effect of the pre-load on the force-displacement behaviour was studied for Case SN-2, using three different pre-load levels. The results in Figure 6b show that the pre-load level exerts a moderate effect on the force vs. displacement response of the rivet joint, with a moderate increase in joint strength with an increase in pre-load, which has also been noted by Al-Bahkali [14] and Sire et al. [13].





4. Validation of FEA Modelling Framework


To validate the FEA modelling framework, the force-displacement responses and the corresponding failure modes were compared between the FEA simulation results and the experiments extracted and digitalised from [27]. Initially, the five cases with the full force vs. displacement responses, i.e., SN-1, SN-2, SN-3, SN-8, and SN-9 as per Table 1, were modelled and compared, as shown in Figure 7. An additional four cases, SN-4, SN-5, SN-6, and SN-7, as per Table 1, were also simulated, and the results compared with the experimentally obtained characteristic strength parameters of the rivet joints depicted in Figure 2. The material properties of the rivet and plate materials were chosen in the range determined in the material experiments, tabulated in Table 2, and the pre-load    σ  F E A     in the rivets was set in the range between 20 and 220 MPa, following [27].



As can be observed in Figure 7, the FEA results compare markedly well with the experimental mechanical response, i.e., force vs. displacement. The FEA force vs. displacement results are provided for both the cases modelled, with and without the ductile damage criterion. It is clear that without accounting for material damage in the FEA simulations, it is not possible to capture the full softening behaviour associated with the various failure modes in the experiments. Especially as softening of the structure is attributed to both geometrical and material softening, by disregarding the material damage model, only the geometrical softening is captured. Figure 7 also shows the contour plots at instance of failure for each of the cases considered, pertaining to the scalar damage parameter dmat. It reveals that for the double lap shear joint in Figure 7a and the single lap shear joint in Figure 7b, the governing failure mode is shear failure in the rivets, where the plates do not develop any damage. For Figure 7c,d the governing failure modes are bearing failure in the plate and tearing of the net-section of the plate, respectively, as also confirmed by the experiments. It should be emphasised here that all failure modes predicted by the FEA model agree extremely well with the governing failure modes in the experiments.



In Table 3, the characteristic strength parameters (c.f. Figure 2) of all nine rivet joints obtained through FEA and experiments are tabulated. It can be seen that there is a rather a high level of agreement between FEA and experiments for all rivet joint strength parameters (i.e., Fe, δe, Fu, δu, and δmax), including the predicted versus actual modes of failure in the joint.



Through the nine simulated cases, the effect of rivet joint configuration on the overall joint strength and governing failure mode may be fully studied. It can be concluded that the most influential factors are the diameter of the rivet shank, the thickness and width of the plates, the number of rivets in the joint and the symmetric or unsymmetric configuration of the joint with respect to loading.



While the strength of the joint is governed by the strength of the rivet, an increase in rivet shank diameter will also increase joint strength until a different failure mode governs. This can be observed for the two un-symmetric cases SN-2 (d = 16 mm) and SN-4 (d = 19 mm) showing 34% increase in Fu when the rivet diameter is increased from 16 mm to 19 mm. In both these cases, shear failure of the rivet is the governing failure mode. With a further increase of the rivet diameter a different failure mode, e.g., tearing of the plate or plate bearing, would govern. This can be seen by comparing the two symmetric cases SN-1 (d = 16 mm) and SN-3 (d = 19 mm) in Table 3 showing approximately a 42% increase in ultimate force Fu. For these two cases, SN-1 is governed by shear failure of the rivet, while in SN-3, the failure is governed by bearing failure of the plate. It is worth noting that the plate width for the two cases is also different. This, however, should not impact the bearing strength of the plate as this is mainly dependent on the plate thickness and the rivet diameter [42].



The impact of the joint being symmetric or unsymmetric can be seen by comparing the cases SN-1 and SN-2. Here, the strength of the joint is increased in the symmetric joint. This because both joints are governed by the strength of the rivet, as both experience shear failure of the rivet. When a symmetric configuration is used, two shear planes of the rivet are loaded, thus decreasing shear load on each of the shear planes.



The examination of the influence of plate thickness appears to be most viable between SN-4 and SN-5 as they have the same joint configurations except for the plate thickness, t = 10 mm for SN-4 and t = 12 mm for SN-5. The governing failure mode for both these cases, however, is shear failure of the rivet which is not affected by plate thickness. This is also reflected in the results, as both cases have similar ultimate force Fu strengths as shown in Table 3.



The effect of number of rivets on joint strength can be seen when comparing cases SN-3 (n = 1) and SN-7 (n = 2), both having same rivet diameter and plate thicknesses, showing an 80% increase in Fu in Table 3, which is a conclusion also drawn in [8,27]. For these two cases, it can also be observed that the failure mode changes due to the increased number of rivets used, from bearing failure in the plate in SN-3 to tearing failure of the net section of the plate in SN-7.




5. Application to Industrial Component


In order to verify the simulation modelling framework developed, a study on a beam component common in spreaders [28] was performed. Spreaders are large steel structures used in lifting systems in, e.g., ports. The use of spreader and their loading conditions have been studied in [43]. The component consists of a rectangular hollow beam structure with four welded stiffener cover plates attached to its top surface and being symmetric about the yz-plane as shown in Figure 8. The current reference beam structure shown in Figure 8 has its stiffener cover plates attached through an all-around welded joint, as shown in Figure 9, and the beam and stiffener plates are manufactured from two grades of high strength steel. High strength steels exhibit high strength and excellent mechanical properties, such as toughness, ductility, and fatigue resistance. These properties are a result of the unique microstructure, which is typically characterized by a fine-grained, homogeneous structure through a combination of alloying and processing techniques. The microstructure of High Strength Steels (e.g., S600 and S900) is typically a combination of ferrite, pearlite, and small amounts of other phases, such as bainite and martensite. The purpose of the analysis is to examine whether the component could be joined with rivets, instead of the current weld joint, and yet achieve the same overall strength and stiffness as the current configuration of the attachment. Additional aspects, other than the overall strength and stiffness, must also be considered, such as ability to manufacture the joint and its overall weight. The study was conducted using the FEA-developed modelling framework, which is applied to the component in its welded and riveted joint configuration.



The non-linear FEA model is built in Abaqus/Explicit with large deformation theory. The load and boundary conditions applied to the beam structure are such that a realistic loading scenario of the spreader beam component can be modelled [28]. Clamped boundary conditions are applied on both ends of the full beam, and since only half of the beam is modelled, a clamped condition is used on the right side and x-symmetry boundary condition is used on the left side as indicated Figure 8. The beam structure is subjected to displacement-controlled loading Δ in the y-direction and is prescribed on a surface located beneath the rightmost cover plate shown in Figure 8. This is achieved through a kinematic coupling of the prescribed surface to a reference point to which the displacement Δ is applied, and the reaction force at the reference point is monitored throughout the loading history.



Considering the substantial size of the component, and thus the computational cost, a submodelling routine was used in the analysis in order to capture both the global behaviour in the component and the local phenomenon in the region of interest, which is at the right cover plate where the displacement is applied. Similar submodelling routines applied to welded structures have been used in [29,44,45]. A global model and submodel created for both the welded and the riveted case can be seen in Figure 9 and Figure 10 for the weld and rivet case, respectively. The global model for both the welded and riveted case are meshed with quadratic tetrahedral elements (C3D8R) using a global element size of 80 mm and mesh refinements down to 10 mm in critical regions, which resulted in a total of 20,862 elements in the global welded model and 52,681 elements in the global riveted model. The submodels were built in a similar fashion, with a global mesh size of 20 mm and refined regions with element size 2 mm, which resulted in a total of 98,640 elements in the welded submodel and 554,560 elements in the riveted submodel. The main beam is made of HSS S600MC, with properties given in [46], and the cover plates are made of HSS S900, with properties given in [47]. The materials are modelled as elasto-plastic with isotropic hardening, following Equation (1), and the corresponding material true stress–strain curves and material model parameters are provided in Figure 11 and Table 4, respectively. The global models were run without the consideration of damage, and the displacement results from the global models corresponding to the boundaries of the submodel are used as displacement boundary conditions in the submodel. The damage criterion was applied in the submodels, and the simulations were run until component failure in the submodels.



As shown in Figure 9, the welded joint consisted of a fillet weld which stretched fully around the stiffener cover plate. The weld was made with matching filler material to the S900MC steel, and its dimensions are stated in Figure 9.



The proposed riveting joint, model A as shown in Figure 10, consisted of 12 hot driven rivets in a 4 × 3 pattern, with a shank diameter of d = 22 mm. The placement of the rivets in Figure 10c was guided by the Eurocode 3 standard [48]. The component required a flushed surface on the inside of the main beam and therefore countersunk rivets were used with a head height of lt = 8 mm and head angle of α = 30°, as shown in Figure 10d, with shank lengths ls = 15 mm, lb = 8 mm, and dh = 50 mm. The hot driven rivets are assumed to be made of the S900MC steel and a rivet pre-load of    σ  F E A   =   100 MPa was applied to the rivets, corresponding to the rivet pre-load in hot-driven rivets as indicated in [9,37]. The plate thickness was kept at 15 mm, as seen in Figure 9c.



5.1. Results of Joining Methods


The force versus displacement (Δ) curves of the submodels for the welded and riveted case can be seen in Figure 12. The forced and displacement was recorded in the y-direction at the reference point seen in Figure 8. Comparing the two cases, the welded joint is stiffer and has a 26% higher peak force than the riveted joint. Hence, the proposed riveted solution does not match the strength of the welded joint, which is mainly attributed to the lack of clamping force that can be achieved with the riveted joint.



Figure S1, Supplementary Material, shows the contour plots of the contact stress between the stiffener cover plate and the main beam plate after the pre-load in the rivets has been applied, i.e., at displacement Δ = 0 pertaining to Frame 1 in Figure S1a, Supplementary Material.



It can be observed that the pre-load in the rivets is transferred to a contact stress between the plates, giving rise to an insignificant friction joint. However, the contact stress is only present locally and non-uniformly around the rivet holes and is not distributed throughout the plate. As the prescribed load increased to Δ = 2 mm (i.e., Frame 2 in Figure S1b, Supplementary Material), the contact stress distribution changed slightly as can be seen from Figure S1b, Supplementary Material, where higher contact stresses are presented in the middle of the beam arising from the base plate pushing the cover plate upwards as displacement increases. At the load of Δ = 2 mm, yielding occurs in the base plate, seen in Figure S1e, Supplementary Material, in the cover plate, seen in Figure S1h, Supplementary Material, and in the rivets, seen in Figure S1k, Supplementary Material. This indicates that the structure is no longer operating in the elastic range.



At the ultimate force (i.e., Δ = 45 mm, frame 3 in Figure S1c, Supplementary Material), the contact stress distribution shown in Figure S1c, Supplementary Material, changes rather significantly as a consequence of the prominent level of deformation and it can be noted that the rivet holes undergo significant deformation due to high bearing stresses. The main beam base plate also starts to fail, as seen in Figure S1f, Supplementary Material, is followed by a gradual drop in the force vs. displacement response. The lack of a uniform contact stress distribution between the two plates, caused by the pre-load in the rivets, is insufficient to creating an adequate friction joint between the two plates, hence this rivet joint configuration yields an unsatisfactory static stiffness and strength in comparison to its welded counterpart.



Notwithstanding, using the proposed modelling framework, a riveted pattern and joint may be found to match the strength of the welded joint by modification of the characteristics of the rivets and the stiffener plates.




5.2. Re-Design of the Riveted Joint


Alluding to the results obtained for the rivet model A above, it is here examined whether a different configuration of stiffener cover plate and riveted joint could be designed to match the strength of the reference welded joint. An extended riveted stiffener cover plate design, Model B, is therefore considered by merging the two existing stiffener cover plates as shown in Figure 13a. The extended plate consists of a 4 × 15 rivet pattern, resulting in a total of 60 rivets. The distance between the rivets and between the rivets and the plate edges were kept the same as in the initial riveting pattern, i.e., model A. In order to achieve a more uniform contact stress distribution between the plates after the rivet pre-load is applied, counter-bored rivets were used in model B using dimensions d = 25 mm, lt = 4 mm, α = 0, ls = 19 mm, lb = 8 mm, and dh = 57 mm (c.f. Figure 10d).



A rivet pre-stress of    σ  F E A      = 200 MPa was applied, corresponding to the highest pre-stress value indicated in [49]. Due to the increased computational cost of model B, only the global model was considered and the force versus displacement response, recorded in the y-direction at the reference point seen in Figure 8, was compared with the corresponding global model results for the weld and Rivet Model A as shown in Figure 13b. It is evident from Figure 13b that initial stiffness is slightly increased for Rivet Model B as compared to its other two counterparts, but overall, the new Rivet Model B matches the weld stiffness and strength quite well. This is mainly attributed to the increased size of the stiffener cover plate, but also due to the more uniformly distributed and increased level of contract stress pattern between the two plates, resulting in an increased clamping effect, as shown in the contract stress contours in Figure 13c. The drawback of the new riveted joint design, i.e., Model B, is its significant increase in weight. In order to make a more adequate comparison of the performance of the various joints studied, the specific strengths, i.e., the ultimate force divided by the weight of the joint, is compared in Figure 13b. It can be noted that the specific strength of the welded joint is orders of magnitudes greater than the specific strength of the initial (Model A) and the extended riveted joint (Model B). It can be concluded that the riveted joints can achieve the stiffness and strength level of the welded joint, and hence be a good candidate for replacement in the spreader structure studied if the total weight of the joint is not a design concern. Apart from the increased weight of the joint, other concerns related to replacing the welded joint with a riveted joint is the lack of knowledge of riveting in HSS. The use of HSS in hot riveted structures has, to the authors’ knowledge, not been explored experimentally in any literature. Therefore, the true behaviour of hot driven rivets in HSS is not fully understood, which is a limitation to this study. Some concerns that could arise in hot driven HSS rivets could be the change of material properties when heating the HSS as indicated in [50], and changes in HSS material properties due to large-scale deformations during the riveting process. This is something that could be explored in future studies.



Regarding the methodology used in this study, one point which should not be overlooked is the discrepancy in loading cases and materials used in the verification of the simulation methodology and its application on the industrial component. As the loading case in the industrial component is more complex, compared to the shear loading used in the validation of the methodology, the framework might be seen as unconservative as it might not be able to capture all possible failure modes related to the more complex loading. This would however only be a concern to this study if the outcome would be in favour of the riveted joining solution. Then, the modes which could further weaken the rivet joint would have to be explored through experiments and development of the simulation methodology to make the framework more robust and give a more accurate strength prediction for the structure.





6. Conclusions


In this study, an advanced FEA modelling framework is proposed, capable of predicting the strength and failure modes of riveted joints in steel engineering structures. The model considers the joint geometry, the material properties of the rivet, and the plate and the clamping pre-load forces of the rivets. The governing failure modes of the rivet joints are rivet shear failure, bearing at the rivet hole of the plate and tearing of the net section of the plate, which are captured extremely well in the proposed modelling framework based on a continuum damage modelling approach. The modelling framework is validated through experimental results available in literature and is able tox predict the effect of the geometric parameters of the joint, such as rivet shank diameter, number of rivets in joint, and the symmetrical or unsymmetrical configuration of the joint, on the overall mechanical response of the joint up to the instance of failure.



The modelling framework was utilised to compare a welded joint in an industrial component, commonly used in spreaders, with a proposed riveted counterpart. The initially proposed riveted joint for this industrial component did not achieve the same strength level as the welded joint. A riveted solution could be found matching the initial strength of the welded joint, however at an increased weight. Hence, it can be concluded that a riveted joint can achieve the stiffness and strength level of the welded joint, and hence would be a good candidate replacement in the spreader structure studied as long as the total weight of the joint is not a design concern.
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Nomenclature




	c
	Configuration of plates



	d
	Rivet shank diameter



	dmat
	Damage in material



	E
	Young’s modulus



	E’
	Diminished Young’s modulus



	Fu
	Ultimate strength



	Fe
	Conventional elastic strength



	Fmax
	Force equal to 80% of the ultimate strength after the peak load



	lb
	Bottom rivet head height



	le
	Characteristic length



	lg
	Gauge length



	ls
	Rivet shank length



	lt
	Top rivet head height



	n
	Number of rivets



	N
	Hardening exponent



	p
	Pitch between rivets



	r
	Rivet distance from plate edge



	SN
	Specimen number



	t
	Plate thickness



	upl
	Plastic equivalent displacement



	ufpl
	Plastic equivalent displacement at fracture



	w
	Plate width



	α
	Rivet head angle



	δ
	Displacement



	δu
	Displacement corresponding to ultimate strength



	δe
	Displacement corresponding to elastic strength



	δmax
	Displacement corresponding to force equal to 80% of ultimate strength



	Δ
	Displacement-controlled loading



	ε
	Strain



	ε0
	Initial yield strain



	εN
	Normalizing strain



	εS
	Offset strain



	   ε ˙   
	Strain rate



	    ε 0  p l     
	Equivalent plastic strain at onset of fracture



	σ0
	Yield strength



	σFEA
	Pressure applied on rivet heads



	σut
	Ultimate strength



	   σ ¯   
	Experimental true stress following softening response



	ξ
	Normalized length of rivet shank
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Figure 1. Specimen (a) SN-8, (b) SN-1, (c) SN-7, (d) SN-2, (e) SN-9, as per Table 1. 
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Figure 2. Bi-linear response approximation of the rivet joint tests force vs. displacement results. 
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Figure 3. Experimental true stress–strain curves for the (a) plate material and (b) rivet material. 
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Figure 4. Boundary conditions and mesh on the rivet joint. 
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Figure 5. (a) Schematic representation of damage model and (b) evolution of damage variable vs. plastic displacement for rivet 6. 
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Figure 6. (a) Stress distribution through rivet shank at various pre-load levels and (b) effect of pre-load on force vs. displacement of rivet joint case SN-2. 
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Figure 7. Force vs. displacement curves comparing experimental data with FEA results and deformed configuration at instance of governing mode of failure: (a) SN-1, (b) SN-2, (c) SN-3, (d) SN-8, and (e) SN-9. Experiments are adapted from [27]. 
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Figure 8. Overview of the beam structure showing top and side view of the component, with its symmetry yz-plane. 
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Figure 9. Model for the welded configuration showing: (a) the global model, (b) the submodel and (c) dimensions of the weld. 
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Figure 10. Model A for the riveted configuration showing: (a) the global model, (b) the submodel, (c) the rivet arrangement, and (d) the dimensions of the rivet. 
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Figure 11. True stress–strain curves, with both the elasto-plastic model and the experimental values, for the materials S600MC and S900MC. 
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Figure 12. Force vs. displacement curve from the submodels of the welded and the riveted (model A) cases. 
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Figure 13. (a) Global model of the extended riveted joint, (b) force vs. displacement response and specific strength, and (c) contour plot of contact stress. 
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Table 1. Configurations for riveted specimens adapted from [27].
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	Specimen

Number
	Specimen

from [27]
	c

(-)
	d

(mm)
	t

(mm)
	w

(mm)
	r

(mm)
	p

(mm)
	n

(-)





	SN-1
	S-16-10-1
	Symmetric
	16
	10
	70
	35
	-
	1



	SN-2
	U-16-10-1
	Unsymmetric
	16
	10
	70
	35
	-
	1



	SN-3
	S-19-10-1
	Symmetric
	19
	10
	90
	45
	-
	1



	SN-4
	U-19-10-1
	Unsymmetric
	19
	10
	90
	45
	-
	1



	SN-5
	U-19-12-1
	Unsymmetric
	19
	12
	90
	45
	-
	1



	SN-6
	S-22-12-1
	Symmetric
	22
	12
	70
	35
	-
	1



	SN-7
	S-19-10-2
	Symmetric
	19
	10
	90
	45
	120
	2



	SN-8
	U-22-12-2
	Unsymmetric
	22
	12
	70
	35
	90
	2



	SN-9
	S-22-12-4
	Symmetric
	22
	12
	70
	35
	90
	4










 





Table 2. Material model parameters (Equation (1)) for plates and rivets.
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	Plate No.
	   σ 0   

(MPa)
	 N 

(-)
	   ε s   

(mm/mm)
	   ε N   

(mm/mm)
	   σ  u t    

(MPa)
	   ε 0  p l    

(mm/mm)



	1
	303
	0.208
	0.008
	0.012
	523
	0.17



	2
	294
	0.214
	0.008
	0.012
	514
	0.17



	3
	302
	0.217
	0.008
	0.014
	509
	0.17



	4
	302
	0.216
	0.008
	0.014
	510
	0.17



	Average
	300
	0.214
	0.008
	0.013
	514
	0.17



	Std. Dev. (±)
	4
	0.003
	0
	0.001
	6
	0



	Rivet No.
	   σ 0   

(MPa)
	 N 

(-)
	   ε s   

(mm/mm)
	   ε N   

(mm/mm)
	   σ  u t    

(MPa)
	   ε 0  p l    

(mm/mm)



	1
	271
	0.160
	0.000
	0.006
	478
	0.18



	2
	308
	0.245
	0.008
	0.020
	500
	0.13



	3
	316
	0.180
	0.008
	0.020
	471
	0.16



	4
	335
	0.116
	0.008
	0.010
	438
	0.13



	5
	325
	0.150
	0.008
	0.005
	495
	0.09



	6
	352
	0.085
	0.000
	0.002
	471
	0.06



	7
	343
	0.114
	0.008
	0.004
	515
	0.14



	8
	347
	0.118
	0.008
	0.011
	474
	0.10



	9
	325
	0.187
	0.008
	0.023
	479
	0.20



	Average
	325
	0.151
	0.007
	0.011
	480
	0.13



	Std. Dev. (±)
	23
	0.046
	0.003
	0.008
	21
	0.04










 





Table 3. Comparison of experimental and FEA simulation results for rivet joint strength parameters.
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Case

	
Analysis (1)

	
Fe

(kN)

	
δe

(mm)

	
Fu

(kN)

	
δu

(mm)

	
δmax

(mm)

	
Fmax

(kN)

	
Failure Mode






	
SN-1

	
Experiment A

	
107.01

	
0.39

	
146.08

	
5.51

	
7.00

	
116.86

	
Shear failure of rivet




	
Experiment B

	
109.22

	
0.43

	
147.99

	
6.26

	
7.59

	
118.39




	
Experiment C

	
90.06

	
0.35

	
131.43

	
3.90

	
5.34

	
105.14




	
Simulation

	
109.29

	
0.12

	
143.66

	
5.10

	
6.29

	
114.93

	
Shear failure of rivet




	
SN-2

	
Experiment A

	
66.94

	
0.41

	
80.02

	
2.50

	
3.39

	
64.02

	
Shear failure of rivet




	
Experiment B

	
64.41

	
0.42

	
83.95

	
3.83

	
4.36

	
67.16




	
Experiment C

	
62.30

	
0.45

	
76.71

	
3.06

	
3.91

	
61.39




	
Simulation

	
66.29

	
0.34

	
79.92

	
3.02

	
4.22

	
63.94

	
Shear failure of rivet




	
SN-3

	
Experiment A

	
136.01

	
0.46

	
180.45

	
5.80

	
11.17

	
144.36

	
Bearing of plate at rivet hole




	
Experiment B

	
141.70

	
0.46

	
232.35

	
12.08

	
14.80

	
185.88




	
Experiment C

	
130.02

	
0.53

	
207.12

	
10.10

	
11.40

	
165.70




	
Simulation

	
152.64

	
0.14

	
204.83

	
10.39

	
11.59

	
163.86

	
Bearing of plate at rivet hole




	
SN-4

	
Experiment A

	
47.36

	
0.43

	
86.99

	
3.04

	
3.85

	
69.59

	
Shear failure of rivet




	
Experiment B

	
95.34

	
0.46

	
108.93

	
2.85

	
3.68

	
87.14




	
Experiment C

	
64.00

	
0.47

	
108.52

	
5.12

	
6.04

	
86.82




	
Simulation

	
88.03

	
0.34

	
107.70

	
3.09

	
4.33

	
86.16

	
Shear failure of rivet




	
SN-5

	
Experiment A

	
60.07

	
0.41

	
100.63

	
3.65

	
4.15

	
80.50

	
Shear failure of rivet




	
Experiment B

	
87.37

	
0.61

	
145.28

	
5.55

	
6.57

	
116.22




	
Experiment C

	
73.36

	
0.80

	
106.84

	
3.81

	
4.72

	
85.47




	
Simulation

	
87.64

	
0.30

	
107.23

	
2.87

	
4.07

	
85.78

	
Shear failure of rivet




	
SN-6

	
Experiment A

	
156.72

	
0.48

	
236.18

	
4.32

	
6.11

	
188.94

	
Bearing of plate at rivet hole




	
Experiment B

	
153.36

	
0.56

	
238.23

	
6.02

	
10.05

	
190.58




	
Simulation

	
155.64

	
0.18

	
207.66

	
8.10

	
9.97

	
166.13

	
Bearing of plate at rivet hole




	
SN-7

	
Experiment A

	
236.69

	
0.84

	
336.63

	
14.24

	
16.80

	
269.30

	
Tearing of plate net section




	
Experiment B

	
240.71

	
0.60

	
346.02

	
16.27

	
18.75

	
276.82




	
Experiment C

	
230.69

	
0.63

	
332.60

	
10.46

	
13.45

	
266.08




	
Simulation

	
268.47

	
0.38

	
371.89

	
12.66

	
14.56

	
297.51

	
Tearing of plate net section




	
SN-8

	
Experiment A

	
170.02

	
1.60

	
279.05

	
10.46

	
11.63

	
223.24

	
Tearing of plate net section




	
Experiment B

	
184.03

	
1.63

	
255.24

	
8.88

	
10.13

	
204.19




	
Experiment C

	
170.72

	
1.64

	
280.77

	
11.60

	
13.49

	
224.62




	
Simulation

	
236.87

	
2.82

	
285.03

	
12.43

	
12.63

	
228.02

	
Tearing of plate net section




	
SN-9

	
Experiment A

	
249.26

	
0.75

	
308.94

	
9.76

	
12.17

	
247.15

	
Tearing of plate net section




	
Experiment B

	
250.06

	
0.85

	
298.54

	
9.76

	
12.00

	
238.83




	
Experiment C

	
247.68

	
0.66

	
303.50

	
7.24

	
8.95

	
242.80




	
Simulation

	
296.25

	
1.59

	
306.35

	
6.96

	
8.72

	
245.08

	
Tearing of plate net section








(1) Experimental data obtained from [27] and simulation data from current study. Strength parameters depicted in Figure 2.













 





Table 4. Material properties for the S600MC and S900MC steels.
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	Steel Grade
	    σ 0    

(MPa)
	  N  

(-)
	        ε 0   ¯    p l     

(mm/mm)





	S600MC
	600
	0.096
	0.130



	S900MC
	997
	0.095
	0.016
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg
Force (kN)

160

120,

5 (mm)

g

Bt

@

Shear filure in rivet (5= 6.5 mm)





media/file4.png
Actual response
= = = Bi-linear response

5max

Displacement ¢





media/file30.png
Force (kN)

4000 —
3000 |
2000

1000 |

Global model B
(a)

= \Weld model
Rivet model B
= = =Rjvet model A

AAAAAAAAAAAAAAAAAAAAAAA

Contact Stress

[MPa]

200

183

167

150

133

117

100

83.3
66.7
50.0
334
16.7
0

(c)

(rivets)

><104

Specific strength (kN/kg)

Frame 1

Frame 2

Frame 3






media/file18.png
Force (kN)

—

Experiment
50 - = =FEA (w.0. damage)| -
SN-9 — FEA (w. damage)
0 " 1

0 2 4 6 8
0 (mm)

10

(e)

Tearing of plate net-section (6=9 mm)





media/file21.jpg
Submodel (weld)

Global model (weld) ®)

Cover plate

Weld details

©





media/file31.png





media/file26.png
Stress (MPa)

S600MC S900MC
1600 ; - v 1600 v y
Eqgn.(1)
1400 | = = Exp. ) 1400 |
1200 ¢ i 1200 ¢
= 1000
a.,
=
» 800t
g
» 600t
400
200 3 200
0 A A A A 0 A A A A
0 0.05 0.1 0.15 0.2 0.25 0 0.02 0.04 0.06 0.08 0.1

Strain (mm/mm) Strain (mm/mm)





media/file27.jpg
4000

3000

Force (kN)
8
S

1000

Weld model
'~ Frame 1 = = -Rivet model A
10 20 30 40 50

A (mm)

60





media/file3.jpg
Actual response
- - = Bi-linear response

nax

3,

Displacement &





media/file22.png
Cover plates

(S900MC) clamped
"" face
X-Sym.
face — ™ "
Y

U{ Submodel (weld)

Global model (weld) (b)
(a)
—
Cover plate
15
V..
N\
8
V.

Weld details

(¢)





media/file14.jpg
1 sna2 g Shear filure in rivet (6= 4 mm)

‘o 1 2 3 . s

ez -

L ‘Bearing failure in plate (5= 11.5 mm)
m

of sns eyl
| . at L of plate netsecton (5= 13.5 )

3nm)
@





media/file19.jpg
[mm] 128
2 Surface to which refrence point is coupled

N
/ __ .

Y e
face
\ 1300 79

main beam

Reference point where displacement 4 is prescribed
¥

I
side view

2160





media/file7.jpg
IFEn

Fixed BC

L. e





media/file28.png
Force (kN)

4000

3000 ¢

2000 ¢

1000 t

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Weld model
= = =Rivet model A |

.............................






media/file10.png
True Stress

Exp. (Rivet 6)
L |==wshian. (1)

O (undamaged response)

-------- T
‘ \ E dmal J
dl"ﬂf= 0 ),
softening
degradation |
(l = dmal) E
pl pl
€0 . o
True Strain

(a)

o Exp. (Rivet 6)

1 2 3
Plastic displacement (u??)

(b)






media/file11.jpg
P

Force (kKN)

350,

20

150]
100]

02 0406 os 1

€
()





media/file6.png
Stress (MPa)

600

500 ¢

400 |

300

200

100

Plate 1

- = -Plate 2| |

=—====Plate 3

......... Plate 4

0.05

0.1

01

Strain (mm/mm)

(a)

0.2

- = =Rivet 2

......... Rivet 3| |

==m==Rivet 4

= = =Rivet 5| |

Rivet 6
Rivet 7

= = =Rivet 9

Rivet 1] 1

Rivet 8] ]

0.05

Ol

0.15

Strain (mm/mm)

(b)

0.2





media/file15.jpg
Tearing of plate net-section (5= 9 mm)






nav.xhtml


  metals-13-00500


  
    		
      metals-13-00500
    


  




  





media/file16.png
Force (kN)

160

INC V. - AP =a

120 }

0
-

40) ‘ 0.20

Exp. 0.10 _ o
SN-1 = = “FEA (w.0. damage)‘ 9% |  Shear failure in rivet (6= 6.5 mm)

— FEA (w. damage)

0 | 2 o 4 6 8
d (mm)
(a)





media/file2.png





media/file20.png
[mm)] 128 . o
<> Surface to which reference point is coupled

.
B
-

-
.

™

/ top view  clamped face
X-Symmetry e ﬁ -
face ! T T
\ 1300 Al 796 70 ©
i 893
main beam / 350
- . - . < 828
Reference point where displacement A4 is prescribed
A ,}' y A
x z
> - S~ —— v
: side view v -*

2160 -

e





media/file23.jpg
Submodel A (rivets)

Global model A (rivets) ®

@

65 60

pualll 2 i

7 —
. d
1y
dy
Rivet details
Rivet arrangement @

©





media/file5.jpg
288

|
|

Stress (MPa)
- E B E

Stress (MPa)

00s o1 ois
Strain (mm/mm)

@

02

005 o1 ois
Strain (man/mm)

()





media/file24.png
[mm] clamped
face
/
X-sym. i
face A

Z Global model A (rivets)

(a)
65 60

[mm]

Rivet arrangement

(c)

Submodel A (rivets)
(b)

N
V

N
P

e
\4

d

Rivet details

(d)





media/file29.jpg
1 nodel B (rivets)
@

Frums 2

©





media/file1.jpg
—.: :--—
—---I---l=





media/file25.jpg
S600MC $900MC
1600
—Ean 1)

1400

1200

:

00

Stress (MPa)

0 00s o1 o015 02 o025 002 004 006 008 01
Strain (mm/mm) Strain (mm/mm)





media/file12.png
o (MPa)

500

Orea™ 400 MPa
400} e g N
300+
200 s OFEA = 200 MPa
OrpA ™ 134 MPa ‘
100 | OFEA™ 67 MPa
O N R N N
0 0.2 0.4 0.6 0.8 1

§
(a)

Force (kN)

350
300 |
250
200
150 |
100 }

50|

vvvvvvvvvvvvvvvvvvvvvv

EA=0MPa :
=100 MPa
o A=2OOMPa'

.......................






media/file9.jpg
True Stress.

T2 3 s
Plsticdisplcemen
(b)





media/file17.png
o (mm)

T
80 |
Z 60}
5 .
8 -
S 40+
LL‘ .
20 Exp.
3 = = *FEA (w.0. damage)
SN-2 = FEA (w. damage)
0 : ‘ ‘ ’
0 l 2 3 4 ,
0 (mm)
e A A
200t
< 150}
L
2
uC_> 100
50 —RXD. : :
= = =FEA (w.0. damage)
SN-3 - FEA (w. damage)
()7 " PR T A A A h *
0 0 4 6 8 10 12
0 (mm)
350
300 ¢
. 250¢
= [
< 200}
!
S 150}
8
100
e EXD.
50 : - = =FEA (w.0. damage)
SN-8 —— FEA (w. damage)
o - —

(b)

(c)

(d)

Shear failure m rivet (6=4 mm)

‘ '
‘ .

Bearing failure m plate (6= 11.5 mm)

~
\
—

Tearing of plate net-section (6= 13.5 mm)





media/file8.png
OFEA

---------
.

Fixed BC






